The purpose of this study was to investigate the chemical composition and particle morphology of white mineral trioxide aggregate (WMTA) and two white Portland cements (CEM 1 and CEM 2). Compositional analysis was performed by energy dispersive X-ray spectroscopy, X-ray fluorescence spectrometry and X-ray diffraction whereas, morphological characteristics were analyzed by scanning electron microscope and Laser scattering particle size distribution analyzer. The elemental composition of WMTA, CEM 1 and CEM 2 were similar except for the presence of higher amounts of bismuth in WMTA. Calcium oxide and silicon oxide constitute the major portion of the three materials whereas, tricalcium silicate was detected as the major mineral phase. The particle size distribution and morphology of WMTA was finer compared to CEM 1 and CEM 2. The three tested materials had relatively similar chemical composition and irregular particle morphologies.
INTRODUCTION
The ideal properties of an endodontic material are biocompatibility, insolubility in tissue fluids, radiopacity, dimensional stability and prevention of communication between the root canal system and its surrounding tissues 1, 2) . To fulfill these requirements Mineral Trioxide Aggregate (MTA) was introduced by Torabinejad and White in 1990s 3) . Since its introduction, MTA has gained acceptance in variety of endodontic treatments for example root end fillings, repair of lateral perforations, direct pulp capping, pulpotomy and apexification 2, 4) . MTA is marketed in two forms i.e. gray MTA (GMTA) and white MTA (WMTA) 2) . Initially GMTA was introduced (ProRoot MTA, Dentsply Endodontics, Tulsa, OK, USA) 5) but due to discoloration potential of GMTA, white form of MTA (ProRoot white MTA) was introduced 2) . MTA is a bioactive and biocompatible material considered for conducting and inducting hard tissue formation when used in endodontic applications 2, 6) . Many studies have published comparison of MTA and other endodontic materials such as zinc oxide-eugenol, super-EBA, amalgam and glass ionomer cements [7] [8] [9] [10] [11] which reported that MTA was a material of choice for root-end fillings 12) . Despite several favorable properties, MTA is not widely used in endodontics mainly due to its poor handling characteristics, extended setting time and high costs 2, 12) . It is well established that MTA is derived from an ordinary Portland cement (PC) therefore; a great deal of resemblance between the two materials exists 2, 12) . According to Song et al., and Asgary et al., both MTA and PC are chemically similar and are mainly composed of calcium and silicon 13, 14) . Moreover, investigation of physical characteristics of MTA and PC revealed both materials to possess comparable pH, solubility, dimensional change and similarly long setting time 15) . These similarities between MTA and PC are not inadvertent since the original patent declared that PC is the principal component in MTA 16) . Therefore, a number of studies have suggested the use of PC as a less expensive alternate of MTA in dental practices 12, 17, 18) . However, in contrast, several researchers disagree with the idea of using PC in dental applications and have reported differences between MTA and PC in terms of chemical composition, surface chemical characteristics, compressive strength, cation release and particle sizes 2, 15, [19] [20] [21] . As the potential of PC in providing an inexpensive solution to economic drawbacks of MTA is eclipsed by the controversy existing between the reported studies, there is a need to further probe in to the characterization and comparison of MTA and PC. Therefore, aims of the present study were compositional and morphological analysis of unset WMTA powder and ordinary white PCs to understand the properties and to evaluate mutual resemblance. In order to comprehensively investigate the chemical constitution of MTA and PC, the composition of elements that constitute simple oxides was investigated. Then composition of simple oxides that constitute mineral phases was investigated and finally, the composition of mineral phases which constitute MTA and PC were investigated. We hypothesize that both MTA and PC are similar in terms of chemical composition and particle morphology.
MATERIALS AND METHODS
In this study WMTA (ProRoot white MTA, Dentsply DeTrey, Konstantz, Germany) was used as control group, CEM 1 (Kohat super white, Kohat Cement Company Limited, Kohat, Pakistan) and CEM 2 (Maple leaf white cement, Maple leaf Cement Factory, Mianwali, Pakistan) were used as study materials.
Chemical composition analysis
The compositional analysis of powder specimens was carried out by energy dispersive X-ray spectroscopy (EDS), X-ray fluorescence spectrometry (XRF) and X-ray diffraction (XRD).
EDS
Elemental composition of powder specimens were analyzed by EDS. The powder specimen was smeared on double-sided carbon tape attached to an aluminum stub and sputtered with gold nanoparticles to enhance electrical conductance by using a high vacuum sputter coating machine (MED 5010, Balzers Union, Liechtenstein). Samples were studied using scanning electron microscopy (SEM) (JSM-6490A, JEOL, Japan) equipped with an EDS set at measurement mode of point scanning.
XRF
The composition of simple oxides and pure elements were analyzed by XRF (JSX 3202M, JEOL). The powder specimens were placed over thin film of polyethyleneterephthalate (Mylar ® , Chemplex industries, Palm city, FL, USA) suspended in plastic sample cups and XRF analysis was performed at 30 kV voltage and 1.0 mA current.
XRD
The mineral phase compositions were studied by XRD (Theta-Theta, STOE, Germany). The powder specimens were placed on XRD sample holders and leveled with a plastic spatula to obtain even surface. The diffraction analysis was performed with CuKα radiation at 40 KV voltage and 40 mA current. The scan range was set at 10-80° 2θ at a scan speed of 2° 2θ per min. Phase identification was accomplished by matching the diffraction patterns with International Center for Diffraction Data (ICDD) database (International Center for Diffraction Data, Newtown Square, PA, USA).
Analysis of morphology
The particle size and morphology of powder specimens was carried out by scanning electron microscope (SEM) and laser scattering particle size distribution analyzer (LS-PSD).
1. SEM Analytical microscopy for evaluating the particle morphology and size of powder specimens was performed using SEM (JSM-6490A, JEOL) at 20 kV accelerating voltage. The digital X-ray images were acquired at 1,280×960 pixels.
LS-PSD
Particle size and distribution of powder specimens were evaluated with LS-PSD (LA-920, HORIBA, Japan) with a range of measurement between 0.022-2,000 µm. Samples were prepared by suspending powder specimens in 200 mL of 99% ethanol (refractive index-1.36 n) at 20°C and each suspension was sonicated for 30 min to evenly disperse the particles to ensure proper sonication before pouring into LS-PSD.
RESULTS
Chemical composition analysis 1. EDS The EDS analysis for elemental composition of WMTA, CEM 1 and CEM 2 showed that the three materials were mainly composed of O, Ca and Si and together they constituted bulk of the elemental composition of tested materials. The minor elements detected by EDS in the three materials included Al, Mg, K, Zn and Ba. Bi was detected in higher amounts in WMTA, where as it was scarcely present in CEM 1 and CEM 2 ( Table 1). 2. XRF Elemental analysis by XRF was in agreement to the results of EDS and confirmed that high amounts of Ca and Si were present in WMTA, CEM 1 and CEM 2. Whereas Bi was detected only in WMTA and Al was not detected in any of the material ( Table 2) . The simple oxide analysis by XRF was well correlated with the elemental analysis and showed calcium oxide and silicon oxide as main constituents in the three materials where as bismuth oxide was only detected in WMTA and aluminum oxide was not detected in any of the material (Table 3) .
XRD
The results of XRD analysis showed that tricalcium silicate (3CaO•SiO 2, produced by blending of CaO and SiO2) was the major mineral phase present in all the three materials. WMTA was composed primarily of tricalcium silicate and bismuth oxide (Fig. 1) Analysis of morphology 1. SEM SEM images of WMTA, CEM 1 and CEM 2 showed a combination of small and coarse irregular particles.
The particles of WMTA ranged between 1-12 µm and occasionally particles lower than 1 µm were also observed. In CEM 1 the particles were observed to be distributed in wide range between 1-18 µm. The content of particles with less than 1 µm dimension was relatively higher compared to WMTA and were observed to be loosely agglomerated. Whereas, in CEM 2 there was less particle agglomerations compared to CEM 1 and showed particle sizes between 1-20 µm. The overall particle size and morphology of WMTA was refined compared to CEM 1 and CEM 2. Whereas, among the two PCs, particle morphology of CEM 2 was relatively finer and closer in resemblance to WMTA (Fig. 2 ).
LS-PSD
The LS-PSD analysis showed relatively different mean particle sizes of the three materials, with WMTA having the smallest particle size. LS-PSD analysis revealed mean particle size of WMTA, CEM 1 and CEM 2 as 9.08 µm, 10.08 µm and 13.40 µm respectively. In agreement to the findings of SEM, particles of WMTA were finer and observed to be distributed within a narrow range compared to CEM 1 and CEM 2 (Fig. 3) .
DISCUSSION
Composition of WMTA, CEM 1 and CEM 2 was analyzed from elemental to mineral phase level. Knowing the composition of the elements, simple oxides and mineral phases that constitute WMTA and both types of PC helps in understanding their chemical, physical and biological properties. Elemental analysis by EDS and XRF confirmed that the three materials were composed of similar elements with some percentile variations (Tables  1 and 2 ). Ca and Si were detected as the predominant elements. This is in agreement to Dammaschke et al., which reported Ca and Si as the essential elements in the chemical composition of WMTA and white PCs 20) . WMTA showed significant quantities of Bi (31.02% mass by EDS and 37.38% mass by XRF) added by manufacturer for its radiopacity. Bi exhibit high absorption of X-ray radiations used in dental diagnostics 20) . Therefore, white ProRoot MTA possess radiopacity of 6.74 mm equivalent aluminum thickness 15) . In addition, small amount of Bi was also detected by EDS in CEM 1 (4.14% mass) and CEM 2 (1.64% mass). The presence of Bi was possibly due to its existence in the raw materials used for Kilning process. Our results support Deal et al., which showed presence of Bi in MTA and PC 22) . Elemental analysis of WMTA and PCs revealed negligible amounts of Mn, Fe, Ni, Cu and Sr, which can reduce chances of inflammation, allergic reactions and rejection in living tissues. Al-Hiyasat et al., investigated fibroblast attachment to six different endodontic materials as measure of their biocompatibility and reported best cellular response and attachment to MTA 23) . Due to similarity of chemical composition and physical properties between MTA and PC, similar tissue response to both materials was reported by Bramante et al., after their subcutaneous implantation in mice for 15, 30 and 60 days 24) . Moreover, color of naturally occurring minerals is affected by the presence of chromophores like Fe, Ni, Co, Cr, Mn, Ti and Cu. Among these elements Fe is considered as the strongest chromophore and provides intensive coloring effect 20) . The fewer amounts of the aforementioned elements in WMTA, CEM 1 and CEM 2 explain the white color of these materials.
There have been few studies that evaluated and compared simple oxide composition of MTA and PCs in unset form. According to Torabinejad and White, MTA is derived mainly from calcium oxide (50-75%), silicon oxide (15-25%) and aluminum oxide 25) , similarly X-ray fluorescence of the three tested materials showed calcium oxide and silicon oxide as the main oxide components whereas high amounts of bismuth oxide was detected in WMTA (Table 3) . Although according to EDS results presence of aluminum oxide in WMTA and PCs was expected however, it was not detected in any of the material.
Phase analysis showed tricalcium silicate as the major mineral phase present in all the three materials (Fig. 1) . According to Camilleri et al., white ProRoot MTA is composed primarily of tricalcium silicate and bismuth oxide whereas, gray ProRoot MTA contains tricalcium silicate, dicalcium silicate and bismuth oxide 5) . Tricalcium silicate is the most important mineral phase of PC and is responsible for the formation of calcium silicate hydrate and calcium hydroxide during the setting reaction 26) as,
The constant elution of Ca and formation of calcium hydroxide render MTA highly alkaline 27) . The released Ca reacts with carbon dioxide to form calcium carbonate that act as nuclei of crystallization and promotes mineralization. Moreover, higher pH of MTA makes the surrounding environment inhospitable for growth of bacteria 24) . Phase analysis of CEM 2 revealed small quantities of dicalcium silicate and bismuth oxide silicate along with tricalcium silicate. The presence of bismuth oxide silicate can be attributed to small amounts of bismuth in CEM 2 ( Table 1) .
The particle size of cement affects physical properties i.e. smaller particle size results in increased surface area for reaction with mixing liquid which leads to higher early strength and ease of handling 2) . Materials with similar particle size have greater mechanical strength due to reduce spreading in grit size 28) . Moreover, larger mean particle size of a material is a contributing factor for its relative weakness 29) . Though, the three tested materials possessed irregular particle morphologies however, SEM and LS-PSD analysis of WMTA showed finer particle size and distribution compared to CEM 1 and CEM 2 ( Figs. 2 and 3) . The fine particle size and distribution of WMTA is generally considered clinically advantageous in comparison to PC, because physical structure, surface characteristics and cytotoxicity of a material indicates its biocompatibility 30) . Nonetheless, dental materials with smoother surfaces causes less irritation in adjacent living tissues 31) . However, despite relatively coarser particles and slight chemical differences of PC, it was well tolerated by human pulp tissues and was capable to maintain pulpal vitality and inducing dentinal bridge formation when used as a medicament after pulpotomies in human primary molars 18) . The results of the present study supported our hypothesis and showed that WMTA, CEM 1 and CEM 2 have comparable chemical and morphological characteristics and as far as chemical composition is concerned, the potential use of PC in in vitro and in vivo studies or even in clinical applications as a less expensive alternate of MTA is possible.
CONCLUSION
In terms of chemical composition WMTA, CEM 1 and CEM 2 were almost similar. The main chemical difference observed between WMTA and two types of PCs was the relatively greater amounts of Bi in WMTA. Morphologically, the three tested materials showed irregular particles, however, particles of WMTA were relatively homogenous and finer compared to CEM 1 and CEM 2.
